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Abstract: Linhe National Meteorological Station, a representative weather station in the Hetao 
Irrigation District of China, was selected as the research site for the present study. Changes in 
climatic variables and reference evapotranspiration ( 0ET ) (estimated by the Penman-Monteith 
method) were detected using Mann-Kendall tests and Sen’s slope estimator, respectively. The 
authors analyzed the relationship between the 0ET  change and each climatic variable’s change. 
From 1954 to 2012, the air temperature showed a significant increasing trend, whereas relative 
humidity and wind speed decreased dramatically. These changes resulted in a slight increase in 
0ET . The radiative component of total 0ET  increased from 50% to 57%, indicating that this 
component made a greater contribution to the increase in total 0ET  than the aerodynamic 
component, especially during the crop growing season (from April to October). The sensitivity 
analysis showed that 0ET  in Hetao is most sensitive to mean daily air temperature (11.8%), 
followed by wind speed (í7.3%) and relative humidity (4.8%). Changes in sunshine duration had 
only a minor effect on 0ET  over the past 59 years.     
Key words: climatic variables; reference evapotranspiration; change trend; Mann-Kendall test; 
sensitivity analysis     
 
1 Introduction 
Climate change is occurring worldwide (IPCC 2007) and may cause major changes in 
climatic variables such as precipitation, air temperature, relative humidity, and solar radiation 
(Haskett et al. 2000). It is expected to cause changes in the hydrological cycle by affecting 
precipitation and evaporation (Bates et al. 2008; Huntington 2006; Yu et al. 2013). These 
changes will also affect crop evapotranspiration and have major implications for irrigation 
management (Zhang et al. 2011b). 
It has been confirmed that trends in climatic variables vary from place to place. In the 
French Mediterranean, Chaouche et al. (2010) reported increases in annual mean temperature 
and annual potential evapotranspiration, but no trend in annual precipitation. In southern Spain, 
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Espadafor et al. (2011) detected increasing trends in air temperature and solar radiation and a 
decreasing trend in relative humidity. 
In recent years, numerous studies have been conducted to examine the potential impact of 
climate change on reference evapotranspiration ( 0ET ). These studies show that trends in 0ET  
vary with climatic conditions and regions (Rim 2009). Darshana and Pandey (2013) reported 
significant annual, seasonal, and monthly (for almost all months) decreasing trends in 0ET  in 
the Tons River Basin in Central India, and the magnitude of decrease of annual 0ET  varied 
from –1.75 to –8.98 mm/year. Similarly, a significant decline in 0ET  (–0.36 mm/year) was 
observed on the Platte River Basin in central Nebraska, USA (Irmak et al. 2012). These 
authors attributed the decline in 0ET  to significant (P  0.05) increases in precipitation  
(0.87 mm/year) that resulted in significant reductions in net radiation (–0.003 2 MJ/(m·year)) 
(Irmak et al. 2012). In Iran, significant decreasing trends in 0ET  have been recorded in most 
regions, but increasing trends have also been found in some areas, especially in recent years 
(Kousari et al. 2013; Tabari et al. 2011; Talaee et al. 2014). Tabari et al. (2012) showed that in 
the west and southwest of Iran, wind speed was the dominant factor affecting 0ET . 
Statistically significant increases in 0ET  (up to 3.5 mm/year) were detected in southern Spain 
by Espadafor et al. (2011) and were attributed to increases in air temperature and solar 
radiation and decreases in relative humidity. 
In China, climatic variation and its effects on 0ET  have been studied at the national and 
regional scales. At the national scale, mean annual 0ET  decreased significantly by –14.35 mm 
per decade from 1960 to 1992 and increased by 22.40 mm per decade from 1993 to 2011 
(Zhang et al. 2013). In contrast, at the regional scale, trends in 0ET  varied with location. 
Decreasing trends in 0ET  were detected across the entire Yangtze River Basin in central 
China (Xu et al. 2006), on the Tibetan Plateau of Northwest China (Yang et al. 2009), in the 
Pearl River Basin of southeastern China (Zhang et al. 2011a), in the Haihe River Basin of 
northern China (Tang et al. 2011), in Yunnan Province in southwestern China (Fan and 
Thomas 2013), and in the arid regions of northwestern China (Huo et al. 2013). Increasing 
trends in 0ET  were found in the middle and upper Yellow River Basin (Zhang et al. 2011a). 
Additionally, Liang et al. (2006) reported that 0ET  showed an increasing tendency from 1951 
to 2000 on the western Songnen Plain in northern China. 
Studies have indicated that climatic variables that strongly influence 0ET  also vary from 
one region to another. In the Haihe River Basin of northern China, Tang et al. (2011) attributed 
a decrease in 0ET  at a rate of –1.0 mm/year to decreases in net radiation (–0.9 mm/year), 
vapor pressure deficit (–0.5 mm/year), wind speed (–1.3 mm/year), and air temperature   
(–1.7 mm/year). In the Yangtze River Basin, reductions in 0ET  and pan evaporation were 
mainly caused by significant decreases in net total radiation and wind speed (Gong et al. 2006). 
In northwestern China, Huo et al. (2013) found that 0ET  was most sensitive to wind speed, 
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followed by relative humidity, temperature, and radiation. In contrast, in the western Songnen 
Plain in northern China, increasing trends in 0ET  were mainly attributed to decreasing 
humidity and increasing air temperature (Liang et al. 2006, 2008). Similarly, Ren et al. (2012) 
found that the air temperature and relative humidity are the key factors that affect potential 
evaporation at different time scales in the Hailar region in Northeast China. At the national 
scale, decreasing trends in 0ET  in most regions of China are driven by changes in vapor 
pressure deficit, maximum daily temperature, radiation, and wind speed (Liu et al. 2012). 
The Hetao Irrigation District is located in the arid region of northern China and is 
suffering a serious water shortage. Due to a lack of precipitation (precipitation of about    
150 mm/year), crops are always irrigated with water from the Yellow River. With increasing 
demand for water caused by economic development and better quality of life, water allocation 
for irrigation in the Hetao Irrigation District will be reduced from 5.2 billion m3/year to    
4.0 billion m3/year over the 2020s according to a plan created by the Yellow River Water 
Conservancy Commission (Xu et al. 2010) that includes the adoption of various water-saving 
technologies and optimal irrigation scheduling. Generally, irrigation scheduling depends on 
precipitation rates and crop water requirements. The latter is generally estimated using a crop 
coefficient and 0ET  (Allen et al. 1998). Therefore, understanding climate change trends and 
their effects on 0ET  is important for water resource management and sustainable agricultural 
development in Hetao. To our knowledge, there are few studies that comprehensively examine 
climatic variation and its effects on 0ET  in Hetao. The main contribution of this study is 
finding the climate and 0ET  changes in the Hetao region. 
The objectives of this study were (1) to analyze changes in climatic variables and 0ET  
from 1954 to 2012 in Hetao and (2) to identify the key factors that most strongly influence 
0ET  using a sensitive analysis. Results from this study will provide important information for 
further studies on climatic change and irrigation scheduling in the Hetao Irrigation District. 
2 Data and methods 
2.1 Site and data 
The study area is situated in the center of the Hetao Irrigation District in northern China. 
All meteorological data used in this study were obtained from the Linhe National 
Meteorological Station, located in the center of the Hetao Irrigation District (40°45ƍN, 
107°25ƍE, and 1 039.3 m above sea level). Considering the relatively flat field in the Hetao 
Irrigation District and the center position of this meteorological station, the Linhe Station was 
used as a representative station in this study. Meteorological data were obtained for the period 
from 1954 to 2012 for atmospheric pressure; daily precipitation; mean (Tave), maximum (Tmax), 
and minimum (Tmin) temperatures; mean relative humidity; mean wind speed; and sunshine 
hours. A summary of climate conditions is listed in Table 1. 
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Table 1 Summary of climatic data from 1954 to 2012 at Linhe Station 
Item 
Mean daily value Annual total value 
Air temperature 
(ć) 
Relative humidity 
(%) 
Wind speed  
(m/s) 
Sunshine hours 
(h/year) 
Precipitation 
(mm/year) 
0ET  
(mm/year) 
Maximum 39.4 98.0 13.7 3 585 190 1 183 
Minimum –35.3 7.0 0.0 2 811 46 987 
Average 7.8 48.9 2.3 3 156 105 1 095 
2.2 Methods  
2.2.1 Reference evapotranspiration 
Reference evapotranspiration ( 0ET ) was calculated using the United Nations Food and 
Agriculture Organization (FAO) Penman-Monteith (hereafter denoted as PM) method. The 
formula for the PM method is as follows (Allen et al. 1998): 
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where 0ET  is the reference evapotranspiration (mm/d); nR  is the net radiation (MJ/(m
2·d)); 
G is the soil heat flux (MJ/(m2·d)), which can be neglected at daily intervals (Allen et al. 1998); 
γ  is the psychrometric constant (kPa/ ); ć T is the average air temperature (K); 2U  is the 
wind speed measured at 2 m above the ground surface (m/s); Δ  is the slope of the saturation 
vapor pressure curve at a given air temperature (kPa/ć); and se  and ae  are the saturation 
and actual vapor pressure, respectively (kPa). The value of s ae e−  is also called the vapor 
pressure deficit (VPD).  
0ET  has two components: the radiative component 0RET  and the aerodynamic 
component 0aET , expressed as the first and second parts, respectively, of the numerator on the 
right side of Eq. (1). Thus, Eq. (1) can be rewritten as 
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0RET  represents the reference evapotranspiration that would be obtained if the heat 
budget of a surface were determined by radiation alone. This condition tends to be satisfied 
when short, well-watered reference vegetation is exposed to bright sunshine, humid air, and a 
light wind. 0aET  is the reference evapotranspiration imposed by the environment when the 
surface is fully coupled with the prevailing weather. This condition tends to be satisfied when 
short, well-watered reference vegetation is exposed to high wind speeds and a large VPD. 
Therefore, 0RET  and 0aET  were estimated separately in this study, and their individual 
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contributions to 0ET  were calculated. 
2.2.2 Sensitivity analysis 
A sensitivity analysis was used to identify the climatic variables that most strongly 
influence 0ET  by following the method proposed by Möller et al. (2004). The process of the 
sensitivity analysis was as follows: (1) Mean values of air temperature, relative humidity, 
wind speed, and sunshine hours were calculated for each day of the year using climatic data 
from 1954 to 1960 (hereafter referred to as the 1950s, the first decade of the whole study 
period), and the corresponding daily 0ET  values were calculated using the mean daily values 
for the 1950s. The mean daily value for each climatic variable and daily 0ET  for the 1950s 
were set as the reference climatic variables and 0ET . The same method was used to calculate 
the mean values of each climatic variable for each day of the year using data from 2006 to 
2012 (hereafter referred to as the 2000s), and the corresponding daily 0ET  was also 
estimated. (2) Sensitivity of 0ET  to changes in each climatic variable was analyzed by setting 
the climatic parameters of air temperature, relative humidity, wind speed, and sunshine hours 
(see Eqs. (1) through (4)) to their measured values from the 2000s and setting the other 
climatic parameters to their measured values from the 1950s. (3) A comparison of 0ET  
values was performed by replacing the values of each variable from the 2000s (see Step 2) 
with the 0ET  values calculated from the 1950s data (see Step 1) to identify the variables with 
the strongest effect on 0ET . 
2.2.3 Mann-Kendall test 
The Mann-Kendall test is one of the most widely used non-parametric tests for detecting 
significant trends in climatic variables and 0ET  from time series data (Hamed 2008; Liang  
et al. 2010; Liu et al. 2014). Hence, in this study, the trends of climatic variables, 0ET , and 
irrigation water requirements were tested using the Mann-Kendall test. Detailed information 
related to the Mann-Kendall test can be found in studies published by Hamed (2008), Liang  
et al. (2010), and Liu et al. (2014). 
2.2.4 Sen’s slope estimator 
If a data time series shows a linear trend, the true slope (change per unit of time) can be 
estimated using a simple nonparametric procedure given by Sen (1968). The Sen’s slope 
estimator, b, is determined as follows: 
Median       
1
j ix xb i j
j
−§ ·
= ∀ <¨ ¸
−© ¹
                     (5) 
where x j  and xi  are two generic sequential data values of a variable. For a time series of 
annual (crop growing seasonal or monthly) values, b represents the annual (crop growing 
seasonal or monthly) increment under the hypothesis of a linear trend. The b estimator 
approximates the true slope of the trend, which can slightly differ from the slope of the trend 
line obtained by linear regression. 
Mann-Kendall tests and Sen’s slope estimator calculations for monthly, seasonal, and 
annual mean data series for the meteorological variables and 0ET  values were performed 
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using the EXCEL-based software MAKESENS 1.0 developed by Salmi et al. (2002).  
3 Results and discussion 
3.1 Trends in climatic variables and ET0  
Fig. 1 describes trends in Tmax, Tmin, Tave, relative humidity, VPD, wind speed, annual 
total sunshine hours, and solar radiation at the Linhe Station from 1954 to 2012. For 
temperature, relative humidity, VPD, and wind speed, each point in the figure represents an 
annual mean value. For sunshine hours and solar radiation, each point represents the annual 
total value. 
 
Fig. 1 Trends in climatic variables from 1954 to 2012 
Sen’s slope for each climatic variable and 0ET  and the corresponding statistical tests for 
linear rates of change (Mann-Kendall tests) are shown in Table 2. 
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Table 2 Sen’s slope of linear trends in monthly, crop growing seasonal (April to October), and annual means 
for each climatic variable and 0ET  for 1954 to 2012 
Time period 
Change of Sen’s slope for different variables per day 
Tmax (ć) Tmin (ć) Tave (ć)
Relative 
humidity (%) VPD (kPa)
Wind speed 
(m/s) 
Sunshine 
hours (h)
Solar 
radiation 
(MJ/m2) 
0ET  (mm) 
Jan. 0.011   0.099*** 0.068*** 0.055 0.001+ í0.029*** í0.014** í0.011** í0.003*** 
Feb. 0.039+  0.127*** 0.091*** 0.042 0.001** í0.035*** í0.017** í0.017** 0.000 
Mar. 0.011   0.094*** 0.065*** í0.132* 0.003*** í0.028*** í0.008 í0.010 0.003+ 
Apr. 0.032*  0.102*** 0.068*** í0.268*** 0.008*** í0.040*** 0.004 0.004 0.003 
May 0.023*  0.100*** 0.055*** í0.114* 0.007*** í0.038*** í0.002 í0.002 í0.004 
Jun. 0.033*** 0.097*** 0.052*** í0.151*** 0.010*** í0.025*** í0.004 í0.006 í0.001 
Jul. 0.036*** 0.076*** 0.049*** í0.219*** 0.011*** í0.016*** 0.002 0.002 0.005 
Aug. 0.029*  0.052*** 0.038*** í0.239*** 0.009*** í0.019*** 0.006 0.009 0.004 
Sep. 0.020*  0.083*** 0.047*** í0.176** 0.006*** í0.017*** í0.014* í0.017* í0.001 
Oct. 0.025*  0.083*** 0.059*** í0.255*** 0.005*** í0.021*** í0.004 í0.004 0.002 
Nov. 0.031*  0.063*** 0.054*** í0.174*** 0.002*** í0.034*** í0.004 í0.004 í0.001 
Dec. 0.023   0.101*** 0.071*** í0.109+ 0.001*** í0.029*** í0.018** í0.013** í0.001 
Crop 
growing 
season 
0.030*** 0.088*** 0.054*** í0.195*** 0.008*** í0.027*** í0.133 í0.084 0.43 
Annual 
mean or 
total 
0.029*** 0.098*** 0.066*** í0.132*** 0.006*** í0.030*** í2.137+ í1.952 0.41 
Note: Symbols represent significance level P according to a Mann-Kendall test: *** means P  0.001, ** means P  0.01, * means 
P  0.05, and + means P  0.1. Values without symbols are not significant. 
Fig. 1(a) shows that air temperatures, including Tmax, Tmin, and Tave, increased from 1954 
to 2012. From the 1950s to the 2000s, annual mean Tmax, Tmin, and Tave increased by 1.32ć, 
4.18ć, and 3.22ć, respectively. The statistical analyses in Table 2 show that the increasing 
trends in Tmin and Tave were significant (P  0.001) for all months and that Tmax was significant 
(P  0.05) for the period from April to December. At the crop growing seasonal and annual 
time scales, Tmax, Tmin, and Tave significantly increased from 1954 to 2012. Tmin showed the 
highest rate of increase, ranging from 0.52ć to 1.27ć per decade across the twelve months 
of the year. Increases in Tmin were 0.88ć and 0.98ć per decade for a crop growing season 
and a year, respectively. Monthly Tave increased at a rate of 0.38ć to 0.91ć per decade, and 
seasonal and annual Tave increased at rates of 0.54ć and 0.66ć per decade, respectively. 
Tmax had a lower rate of increase than Tmin or Tave. Similar increasing trends in mean 
temperature have been reported in southern Spain (rates of 0.16ć to 0.40ć per decade) 
(Espadafor et al. 2011), and rates of 0.2ć to 0.41ć per decade have been reported in France 
(Chaouche et al. 2010). At the global scale, the total temperature increase over the last 100 
years from 1906 to 2005 was 0.74ć (IPCC 2007), with a linear rate of 0.074ć per decade. 
This warming climate is likely to lead to increased potential evapotranspiration and increased 
irrigation needs in regions with low rainfall (Chattopadhyay and Hulme 1997). 
Annual mean relative humidity showed a consistent decreasing trend over the past 59 
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years, as shown in Fig. 1(b). Similarly, in most months (from March to November), monthly 
mean relative humidity decreased significantly (P  0.05) (Table 2). Estimated rates of 
decrease ranged from 1.09% to 2.68% per decade for monthly mean relative humidity and 
1.95% and 1.32% per decade for seasonal and annual relative humidity, respectively. 
Increasing trends in monthly mean relative humidity were observed for January and February, 
which offset the decreasing trend during the other months and resulted in a lower rate of 
decrease for annual mean relative humidity compared with seasonal mean relative humidity. 
These decreasing trends in relative humidity suggest a shift towards a much drier climate, 
which may cause a greater atmospheric water demand and hence a larger crop water 
requirement. 
VPD generally increases with increasing temperature and decreasing relative humidity 
(Allen et al. 1998). Therefore, the observed increasing trend in air temperature (Fig. 1(a)) and 
decreasing trend in relative humidity (Fig. 1(b)) may result in increased VPD. This inference 
was confirmed by the increasing VPD trend shown in Fig. 1(c). The statistical analysis in 
Table 2 shows that a significant increasing trend in VPD was observed in all months, with 
larger increases (0.08 to 0.11 kPa per decade) from April to August. Rates of increase in 
seasonal and annual VPD were 0.08 and 0.06 kPa per decade, respectively. The higher rate of 
increase in seasonal VPD may be due to the high rate of increase during the period from April 
to August. A higher VPD generally results in a greater evaporation rate. Hence, increased VPD 
in Hetao will result in an increased rate of crop evapotranspiration. 
Wind speed in Hetao decreased gradually from 1954 to 2012 (Fig. 1(d)). The statistical 
analyses in Table 2 show that significant decreasing trends (P  0.001) were found for wind 
speed for each month, as well as for crop seasonal and annual wind speeds. The rate of 
decrease for monthly mean wind speed ranged from 0.16 to 0.40 m/s per decade. Higher rates 
of increase generally occurred from December to May, ranging from 0.28 to 0.40 m/s per 
decade. In contrast, during the period of most rapid crop development, i.e., between June and 
August, lower rates of decrease were observed for monthly wind speed of 0.16 to 0.25 m/s per 
decade, which in turn resulted in a lower rate of decrease (0.27 m/s per decade) at the seasonal 
time scale compared with the annual time scale (0.30 m/s per decade).  
Annual total sunshine hours and solar radiation are illustrated in Fig. 1(e) and 1(f), 
respectively. Both sunshine hours and solar radiation showed slight decreasing trends. From 
the 1950s to the 2000s, annual total sunshine hours and radiation decreased by 19 h and    
25 MJ/m2, respectively. Sunshine hours and solar radiation showed decreasing trends during 
nine out of 12 months of the year (no decreasing trend in April, July, or August) (Table 2). 
Significant (P  0.01) decreasing trends were detected for December through February. During 
this period, the rates of decrease were the largest of the twelve months, with values of 
approximately –60 h per decade for sunshine hours and –50 MJ/m2 per decade for solar 
radiation. Total sunshine hours decreased at rates of 1.3 and 21 h per decade at the seasonal 
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and annual time scales, respectively. Radiation decreased at rates of 0.8 and 19.5 MJ/m2 per 
decade at the seasonal and annual time scales, respectively. The approximately 20-fold 
increases in the rates of increase of sunshine hours and radiation between the seasonal and 
annual time scales may be mainly due to the trends for April, July, and August. These 
increasing trends may have offset the effect of the decreasing trends for May, June, September, 
and October, resulting in a slight decreasing trend in seasonal sunshine hours and radiation. 
The rate of decrease of 19.5 MJ/m2 per decade for annual total radiation, which is equivalent 
to 0.06 W/m2 per year, falls into the range of the estimated reduction of 0.51 to 0.05 W/m2 per 
year of solar radiation reaching the Earth’s surface (Stanhill and Cohen 2001). A reduction in 
sunshine hours and radiation during the crop growing season could possibly inhibit crop 
growth and yield because crop biomass linearly increases with the cumulative absorbed 
photosynthetically active radiation (Daughtry et al. 1992). 
Sunshine hours generally depend on cloud cover and the concentration of man-made 
aerosols and some air pollutants (including SO2, NOx, and particulate matter in the atmosphere 
(Kitsara et al. 2013; Wang et al. 2013). Recent studies have noted that the most probable cause 
for decreases in sunshine hours or solar radiation is increased concentrations of man-made 
aerosols and other air pollutants (Stanhill and Cohen 2001; IPCC 2007; Hu and Wang 2008; 
Liu et al. 2012; Kitsara et al. 2013; Wang et al. 2013). 
3.2 Changes in ET0R and ET0a 
Fig. 2 shows average annual distributions (1954 to 2012) for daily 0ET , 0RET , and 
0aET . Daily 0ET , 0RET , and 0aET  showed single-peak annual curves, but the maximum 
values occurred at different times during the year. Daily 0ET , 0RET , and 0aET  increased 
beginning in January. 0aET  was the first to peak, in May, followed by 0ET  in June and 
0RET  in July. After reaching their respective peak values, all three forms of 0ET  decreased 
gradually and reached their minimum values in December and January. 0aET  was higher than 
0RET  during the period from January to April, which resulted in a higher contribution rate to 
0ET  for 0aET  than 0RET . 
However, the contribution rate of 0aET  decreased from approximately 0.7 in January to 
0.5 in May (Fig. 2(b)). During the period from May to October, 0RET  was higher than 0aET , 
and the contribution of 0RET  was higher than that of 0aET . The highest contribution rate to 
0ET  from 0RET  (approximately 0.7) occurred in July. This higher rate may have been due to 
the higher radiation density, lower wind speed, and higher relative humidity that occurred 
during this month (Fig. 3). In July, radiation density reached an annual maximum (Fig. 3(a)), 
indicating that the highest rate of energy-supported evapotranspiration occurred during this 
month. During the same period, wind speed was at an annual low (Fig. 3(b)), and relative 
humidity was at an annual high (Fig. 3(c)). These conditions were expected to result in a lower 
evapotranspiration rate. 0aET  appears to make a relatively low contribution to 0ET  in July. 
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Therefore, during this period, decreasing the radiation load through the use of a shelter or 
other crop cover would be the most useful method for reducing crop evapotranspiration, but it 
should be noted that radiation reduction may reduce leaf photosynthesis and lastly affect   
plant yield. 
 
Fig. 2 Annual distribution of daily 0ET , 0RET , and 0aET  
 
Fig. 3 Annual distributions of climatic variables 
Annual total 0ET  varied from 987 to 1 183 mm, with a mean of 1 095 mm. Seasonal and 
annual total 0ET  showed a slight increasing trend, with rates of 4.3 and 4.1 mm per decade, 
respectively (Table 2), but these trends were not significant. For monthly total 0ET , most 
increasing trends occurred during the crop growing season, and most decreasing trends 
occurred during the off season. The highest rate of increase was approximately 18 mm per 
decade, occurring in April. Similar rates of increase in 0ET , ranging from 18 to 35 mm per 
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decade, were reported by Espadafor et al. (2011) for southern Spain. In most regions of China, 
seasonal and annual 0ET  have shown a tendency to decline over the past 50 years (Gao et al. 
2006; Tang et al. 2011; Huo et al. 2013). This variation in 0ET  trends among regions may be 
due to changes in the dominant climatic factors in each region (Gao et al. 2006; Gong et al. 
2006; Huo et al. 2013). Increased 0ET  suggests increased potential for crop 
evapotranspiration. With low precipitation rates in Hetao, water requirements for irrigation are 
likely to increase in the future. 
While annual 0ET  showed a slight increasing trend (Fig. 4(a)), ET0R  and 0aET  
showed different patterns of change. From 1954 to 2012, annual total ET0R  increased 
significantly (P  0.001) at a rate of 15.4 mm per decade. Similarly, the contribution rate of 
ET0R  to total 0ET  also showed a significant (P  0.001) increasing trend (Fig. 4(b)). In 
contrast, annual total 0aET  showed a decreasing trend at a rate of –12.5 mm per decade  
(Fig. 4(a)).  
  
Fig. 4 Multi-year variation of 0ET , 0RET , and 0aET  from 1954 to 2012 
The mean contribution rate of ET0R  to 0ET  averaged 0.55 from 1954 to 2012, 
indicating a more than 10% contribution as compared to 0aET . In contrast, the annual mean 
contribution rate of 0RET  to 0ET  varied year-to-year (Fig. 4(b)). In the 1950s, the mean 
contribution rate of 0RET  to 0ET  was 0.50, i.e., a 50% contribution to 0ET . After the 1950s, 
this rate increased linearly, reaching a maximum value of 0.57 in the 2000s (Fig. 4(b)). In 
contrast, the contribution rate of 0aET  to 0ET  decreased from 0.50 in the 1950s to 0.43 in 
the 2000s. The observed variation in the contributions of 0RET  and 0aET  to 0ET  may have 
been mainly due to changes in climatic variables over the past 59 years from 1954 to 2012. 
Solar radiation showed a slight decrease (rate of 25.4 MJ/m2 per year) over this period, 
amounting to a 0.4% decrease from the 1950s to the 2000s). This may have had a minor effect 
on 0RET . During the same period, wind speed decreased by 40%, mean air temperature 
increased from 5.73ć to 8.95ć, and the VPD increased by 30%. Eq. (3) shows a negative 
relationship between 0RET  and wind speed. Therefore, the reduction in wind speed clearly 
may cause an increase in 0RET . Eq. (4) shows that both the wind speed and VPD are 
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positively linearly related to 0aET . Therefore, a 40% decrease in wind speed (Fig. 1(d)) partly 
makes up the 30% increases in VPD (Fig. 1(c)) and lastly results in a decrease in 0aET . 
3.3 Sensitivity of ET0 to changes in climatic variables 
The climatic variables included in this study showed either increasing or decreasing 
trends over the past 59 years. The influence of each variable on 0ET  was estimated using the 
sensitivity analysis method described in section 2.2.2. The sensitivity analysis was performed 
at the monthly, crop growing seasonal (from April to October), and annual scales. Daily mean 
data for each month were averaged over the 1950s and the 2000s for each climatic variable. 
The results of the sensitivity analysis are shown in Table 3.  
Table 3 Daily 0ET  variation at monthly, seasonal, and annual time scales and associated changes in climatic 
variables from 1950s to 2000s 
Time 
period 
Changes in 0ET  
in 2000s 
Changes in 0ET  corresponding to changes of different variables 
Tave Relative humidity Wind speed Sunshine hours 
Rate of 
change* 
(mm/d) 
Percent 
change**
(%) 
Rate of 
change***
(mm/d) 
Percent 
change** 
(%) 
Rate of 
change***
(mm/d)
Percent 
change**
(%) 
Rate of 
change***
(mm/d)
Percent 
change**
(%) 
Rate of 
change*** 
(mm/d) 
Percent 
change** 
(%) 
Jan. í0.123 í19.1 0.073 11.3 í0.055 í8.5 í0.133 í20.6 0.000 0.0 
Feb. 0.003 0.2 0.228 21.4 í0.024 í2.3 í0.148 í13.9 0.002 0.1 
Mar. 0.279 14.1 0.323 16.2 0.108 5.4 í0.115 í5.8 0.016 0.8 
Apr. 0.563 15.6 0.627 17.4 0.126 3.5 í0.233 í6.5 0.154 4.3 
May 0.208 3.9 0.651 12.2 0.201 3.8 í0.497 í9.3 0.056 1.0 
Jun. 0.384 6.7 0.480 8.4 0.346 6.1 í0.384 í6.7 0.138 2.4 
Jul. 0.403 7.6 0.375 7.1 0.328 6.2 í0.238 í4.5 0.089 1.7 
Aug. 0.703 17.2 0.373 9.1 0.456 11.1 í0.161 í3.9 0.219 5.4 
Sep. í0.053 í1.6 0.236 7.0 0.095 2.8 í0.224 í6.6 í0.071 í2.1 
Oct. 0.099 4.8 0.396 19.1 í0.036 í1.8 í0.211 í10.2 0.048 2.3 
Nov. 0.111 11.1 0.220 22.1 0.078 7.8 í0.121 í12.1 0.000 0.0 
Dec. 0.083 15.0 0.122 22.1 0.053 9.7 í0.062 í11.3 0.000 0.0 
Crop 
growing 
season 
0.330 7.8 0.448 10.6 0.216 5.1 í0.278 í6.6 0.090 2.1 
Non- 
growing 
season 
0.071 6.7 0.193 18.4 0.032 3.0 í0.116 í11.0 0.004 0.4 
Annual 0.222 7.7 0.342 11.8 0.140 4.8 í0.211 í7.3 0.054 1.9 
Note: * Values in this column represent absolute changes in 0ET  caused by climate change. 
** Values in this column represent 
change percent of 0ET  caused by changes in the corresponding climatic variable. 
*** Values in this column represent relative 
changes in 0ET  caused by changes in the corresponding climatic variable. 
Increased mean air temperature resulted in a great increase in 0ET , as shown in Table 3. 
Compared with mean daily 0ET  for each month for the 1950s, the change in 0ET  due to 
changes in air temperature in the 2000s ranged from 0.07 to 0.65 mm/d. The largest changes 
occurred in April and May, with increments of change higher than 0.60 mm/d, followed by 
June, October, and July, with changes above 0.37 mm/d. The lowest increments of change 
were found for December and January, with values of less than 0.15 mm/d. Mean increments 
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of change in daily 0ET  caused by increases in temperature were 0.45 and 0.34 mm/d at the 
seasonal and annual time scale, respectively, for a percent change of 10.6% and 11.8%. The 
higher increases during the crop growing season were mainly due to the greater increases in 
air temperature that occurred from April to October. 
The decrease in relative humidity during most months over the past 59 years resulted in 
increases in 0ET  during the corresponding months. The largest increase in daily 0ET  
caused by decreased relative humidity was 0.46 mm/d in August, followed by increases in 
June of 0.35 mm/d. Seasonal and annual increases in 0ET  caused by decreases in relative 
humidity were 0.22 and 0.14 mm/d, respectively.  
Over the past 59 years, decreasing wind speed has caused decreases in daily 0ET  at the 
monthly, seasonal, and annual time scales. The highest rate of decrease in 0ET  as a result of 
a decrease in wind speed was 0.50 mm/d in May, followed by 0.38 mm/d in June. Decreases 
in 0ET  at rates between 0.2 and 0.3 mm/d occurred in April, July, September, and October. 
At the seasonal and annual time scales, 0ET  decreased at a rate of 0.28 and 0.21 mm/d, 
respectively.  
Table 3 shows that only small rates of change (0.09 and 0.05 mm/d) were observed in 
seasonal and annual 0ET  caused by increases in sunshine hours. These results suggest that 
0ET  in Hetao is not sensitive to changes in sunshine hours. 
Mean daily 0ET  resulting from changes in climatic variables increased in most months. 
The largest increase in daily 0ET  was 0.70 mm/d in August, followed by April, July, June, 
and March, with increases of 0.56, 0.40, 0.38, and 0.28 mm/d, respectively. A decreasing trend 
in 0ET  was observed in January (–0.12 mm/d). This may have been mainly due to the wind 
speed (–0.13 mm/d) and relative humidity (–0.06 mm/d). Over the past 59 years, mean daily 
0ET  increased by 0.33 and 0.22 mm/d (total increases of 7.8% and 7.7%) at seasonal and 
annual time scales, respectively.  
Of the four climatic variables evaluated in this study, mean temperature was the primary 
factor driving changes in 0ET  over the past 59 years. On an annual basis, changes in mean 
temperature resulted in an increase in daily 0ET  of 0.34 mm/d (a total increase of 11.8%). 
The next two most important factors were wind speed (–0.21 mm/d; –7.3%) and relative 
humidity (0.14 mm/d; 4.8%). Sunshine hours had minor effects on 0ET  over the past     
59 years.  
Generally, the sensitivity of 0ET  to climatic variables varies among regions due to their 
different climatic characteristics. In the arid region of Northwest China, Huo et al. (2013) 
found that 0ET  was most sensitive to wind speed, followed by relative humidity, temperature, 
and radiation. This finding is similar to the results presented in this study. Huo et al. (2013) 
suggested that the relatively large effect of wind speed on 0ET  in this arid region could be 
explained by the lower amount of water vapor carried by the wind in drier climates compared 
with more humid climates. In contrast, in the relatively humid region of the Haihe River Basin 
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in northern China, Tang et al. (2011) found that 0ET  was most sensitive to temperature and 
radiation, which caused changes in 0ET  of 2.5 and –1.2 mm/year, respectively. In most cases, 
temperature, wind speed, and sunshine hours were the key factors in 0ET  change (Espadafor 
et al. 2011; Goyal 2004; Liang et al. 2010; Tabari et al. 2011; Tanaka et al. 2008; Tang et al. 
2011). The reason for this may be due to the fact that these climatic variables have changed 
greatly in the past few centuries. For example, global air temperatures from 1906 to 2005 
increased by 0.74ć, based on observational data (IPCC 2007), and the continued greenhouse 
gas emissions at or above current rates are expected to cause further warming during the 21st 
century (IPCC 2007). McVicar et al. (2012) analyzed 148 studies that reported trends in 
terrestrial winds from across the globe (with uneven and incomplete spatial distribution and 
different periods of measurement) and found that the average trend of wind speed was  
–0.014 m/s per year for studies with more than 30 sites and observational data for a period of 
more than 30 years. They also found that this decreasing trend in wind speed was the main 
contributor to declining evaporation rates. In most parts of China, clear decreasing trends in 
solar radiation have been observed (Tang et al. 2011; Zhang et al. 2011b; Wang et al. 2013). 
Increased air pollution and aerosols in highly urbanized regions, in addition to global climate 
change, are the main driving factors causing decreases in net radiation (Stanhill and Cohen 
2001; Yang et al. 2009; Zhang et al. 2011; Wild 2009, 2012). 
4 Conclusions 
(1) The following trends were observed in climatic variables at the Linhe Station of 
Hetao from 1954 to 2012: maximum, minimum, and mean daily air temperatures increased 
significantly, relative humidity and wind speed decreased dramatically, and sunshine hours 
and solar radiation decreased slightly. The vapor pressure deficit has increased over the past 
59 years, mainly due to increases in temperature and decreases in relative humidity. 
(2) The contribution of radiative evapotranspiration to daily total 0ET  increased from 
0.50 in the 1950s to 0.57 in the 2000s. The contribution of aerodynamic evaporation decreased 
from 0.50 to 0.43. At an annual scale, the higher 0ET  rate during the crop growing season 
was mainly due to the increased radiative component of 0ET .  
(3) The sensitivity analysis showed that 0ET  at the Linhe Station of Hetao is primarily 
sensitive to mean daily air temperature (11.8%), followed by wind speed (í7.3%), and relative 
humidity (4.8%). Changes in sunshine hours have had a minor effect on 0ET  over the past  
59 years. 
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